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I. INTRODUCTION
Focus aberrations caused by tissue inhomogeneities are a significant cause of image quality degradation in medical ultrasound. All current medical ultrasound imagers assume that the speed of sound in the body is uniform. However, the sound velocity difference between muscle and fat exceeds 4%. Measurements of human abdominal wall tissue show propagation time fluctuations of 35 to 75 nsec, or 0.134.28X at 3.75 MHz [I] . Correlation lengths for these fluctuations are 4 to IO mm for the abdominal wall as a whole, and 1.5 to 5 mm for the fat layer alone. The image degradation caused by these inhomogeneities has been recognized for more than two decades [2, and references therein] . Despite substantial effort by numerous research groups, real-time correction of image aberrations on human subjects has remained an elusive goal.
In order for an imaging system to compensate for inhomogeneities in tissue, the ultrasound transducer must sample the acoustic wavefront on a suitably fine scale. Typical tions in azimuth, but undersample them in elevation. Multi-ID transducers oversample the propagation time fluctuarow and 2D transducers for aberration correction are being developed [3] , [4], [ 5 ] . However, the necessary combination of a probe with adequate spatial sampling, an imaging system with sufficient computational power, and an effective algorithm for aberration correction has not previously been assembled.
DESiGN TRADEOFFS
The project goal was a prototype transducer for use with a modified 128-channel ultrasound imager for real-time mea-U.S. Government work not protected by U.S. copyright surement and correction of image aberrations on human subjects. The probe should produce reasonable images, but need not achieve clinical image formats, frame rates, or image quality. Since a ID probe with an elevation smaller than the propagation time correlation length would have a severely divergent beam, a multi-row probe is required.
in elevation is not required. A mechanical lens can proThe probe is used for 2D imaging only, so beam steering vide most of the elevation focusing and the elevation dimension of the elements can be large. The heamforming is symmetric in elevation, hut the aberration corrections are ric pairs, but must be individually connected to the beamnot. Therefore, elements cannot be connected in symmetdividually connected) is known as a " I .75D' probe [61 former. This configuration (elements large in elevation, inThe acoustic spectrum for the probe was selected to include both 2.5 MHz and 3.75 MHz operating frequencies.
The higher frequency is preferred for resolution and image quality; the lower frequency was included in case penetration at 3.75 MHz proved inadequate. Selection of probe type (sector, linear, convex) is a tradeoff between image format, probe footprint and aperture size, and fabrication process complexity. For abdominal imaging, footprint is not a major constraint and a large aperture is preferred for resolutionand sensitivity. For this project, simplicityoffabrication was more important than a large field of view, so a linear probe was designed.
The elevation dimension of the rows of elements was the most difficult compromise. In order to successfully measure and correct aberrations, the elements must be smaller than the correlation lengths in the body. However, with a limited number of beamformer channels, larger rows provide better penetration and elevation beam width, and help suppress lateral modes in the piezoceramic. Measured correlation lengths [l], [7] vary over a wide range, but are generally greater than 1 mm. An elevation length of 1.5 mm per row was selected for the first probe, but the parts and tooling row, in case results from the first probe indicate that the were designed to accommodate lengths up to 2.5 mm per smaller rows are not necessary.
which could support either a 6 row x 96 element array or an
The multiplexer was assembled from a set of components 8 row x 64 element array. The field of vlew of the 6 x 96 performance of the 8 x 64 array. For clinically relevant imarray was judged to be more important than the elevation age quallty, a larger array will be necessary. For a research prototype, however, the added time and cost for developing a new multiplexer was not justified.
and transducer elements, penetration and field of view can
Given a constraint on the number of system channels be mproved by increasing the element width. However, duced azimuthal resolution. A pitch of 0.6 mm, or 1.5 X at larger elements force a larger minimum f-number and review and f 11.5 resolution.
3.75 MHz, was chosen to obtain a 57 mm azimuthal field of losses due to attenuation and impedance mismatch I n the Considering the aperture choices described above and cable assembly, a usable imaging range of 2-10 cm was expected. Half of that range is in the far field of the 9 mm elevation aperture, so the thickness of the imaging slice will be diffraction limited and diverging. A lens focus at 7.5 cm provides modest improvement.
FABRICATION
The fabrication process used for this probe is a relatively simple varlatmn on conventional ID probe assembly processes. Prmr to lamination, partial-depth slots were cut into the back of the piezoceramic to separate the signal electrode on the ceramic into independent rows and to provide some mechanical isolation between those rows. The ground acrass the elevation of the array.
electrode on the front of the ceramic remained continuous A fine-pitch Hex circuit, shown in Fig. I , provided an independent electrical connection from each element in each row of the transducer array to a coaxial cable and thence to the probe multiplexer and system beamformer. The Hex circuit is built using GE's High Density Interconnect (HDI) process [X1 and features 25 pm vias, 90 pm via pads, 60 p m lines, and 100 pm spaces in S pm copper on a 25 pm polyimide substrate. The large azimuthal pitch of this transducer provides ample room for the electrical connections and does not require the use of aggressive design rules when laying out the flex circuit.
cuit, and acoustic backing are diced to mechanically and After lamination, the matching layers, ceramic, flex cirelectrically isolate the transducer elements in azlmuth. Additional partial-depth cuts are made within each element, to suppress lateral modes of resonance by creating subelements, each with a widthlthickness aspect ratio < 0.6. ments, but is used with a 128-channel beamformer. A com-
The resulting probe has 6 x 96 = 516 independent elepact, Hexihle multiplexer was developed and incorporated in the housing for the system ZIF connector. The multiplexer supports both 1.25D and 1.75D apertures, as shown schematically in Fig. 2 
1.25D
Rg. 2 1.25D vs. 1.75D apertures and scan options connecting any number of adjacent rows together in elevation. The 1.75D apertures connect an independent beamformer channel to each transducer element. The shape of the 1.75D apertures is variable, from 4 row x 32 element rectangles through a variety of elliptical shapes with up to 64 elements in the center rows and fewer elements in the outer rows. For synthetic aperture imaging, the multiplexer allows either 1.25D or 1.75D transmit apertures to be used with sets of non-overlapping receive apertures so that, by coherently summing over multiple firings, the sensitivity and resolution of the full array can be realized. Extending the concept of linear array imaging to multi-row probes, all apertures can be scanned across the array in azimuth, and apertures which are less than six rows high can also be scanned in elevation.
A photograph of the completed probe is shown in Fig. 3 .
1V. RESULTS
The averaged acoustic spectrum for the array is shown as 4.55 MHz. for a bandwidth of 75%. The large notch i n the the lower, solid line in Fig. 4 . The -6 dB passband is 2.05- The dotted line is a revised acoustic design. wilh an improved rpecoum and impulse response but slightly reduced bandwidth.
top o f the spectrum is not desirable and has been reduced out-of-hand signal at -30 dB is not well understood and is in the revised deslgn for the next probe (dotted h e ) . The usable imaging range for the probe is zz 14 cm.
being investigated. With a 128-element 1.75D aperture, the Relaxor-based high-dielectric-constant ceramics (e.g., PMN-PT) with e T / c ; zx 5500 (vs. 3300 for typical PZTof sources. These have the potential to improve the perfor-SH type ceramics) are becoming available from a variety mance of multi-row arrays by reducing the electrical mismatch between the small transducer elements and the long coaxial cables. As an example, the dashed and dotted lines in Fig. 4 are the average measured spectra for transducer pallets made with high dielectric ceramic. The measured sensitivity is approximately 6 dB higher than that of the E T -5 H type array. Multi-layer ceramics [91 will ultimately ramics, hut the fabrication problems associated with makprovide even better performance than high-dielectric ceing robust electrical connections to the inner electrodes of multi-row, multi-layer ceramics are truly formidable. To verify that the 1.75D array could be effective at correcting image aberrations, we measured the propagation front of the transducer. The experimental configuration is time fluctuations produced by a grooved rubber plate in in Fig. 6 . A single acoustic beam was repeatedly transmitsketched in Fig. 5 and the measured time delays are shown ted from the center of the array through the plate and into a phantom. Time delays were measured by recording the demodulated rf echo signal received by each element of the m a y , then calculating cross-correlations. Geometric contributions to the delays were subtracted out and the remaining fluctuations are shown as a gray-scale image. With the the grooved plate is clearly evident. In the 1.25D image, array and heamformer in a 1.75D state, the orientation of all orientation information is lost and the dynamic range of the image (thus the apparent range of the propagation time variations) is significantly lower.
V. CONCLUSIONS
and independent control of the beamforming delays for
Transducer arrays with relatively fine pitch in elevation each element are required for measurement and correction of image aberrations due to speed of sound variations in the human body. Compromises between aberration correction goals and system, imaging, and fabrication constraints led to the design and construction of a 6 x 96 element, 3.75 MHz, 1.75D linear array with 1.5 mm elevation pitch. Performance of the probe was verified by comparing 1.25D and 1.75D measurements of propagation time variations caused by a model aberrator inserted between the probe and a phantom. Modifications made to an imaging system to support real-time measurement and correction of aberrations, an algorithm for adaptive imaging, and images made using the 1.75D probe are described in a companion paper [IO] .
